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2023: 10214 source, preventing its availability to predators downstream. Shadow competition is
doi 10.1111/0ik 10214 likely common in nature, and unlike some other competition types, has a strong spatial
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harder to capture prey after the first unsuccessful capture attempt, whereas shadow
competition is moderated if capture success is higher in successive attempts. Second,
shadow competition becomes stronger when predators can capture prey arriving only
from certain directions. Third, when prey tend to move along a barrier after encoun-
tering it. Here, predators located along this barrier may be more successful than those
at random positions, but shadow competition in this scenario drastically decreases the
capture success of predators in central positions along a barrier (i.e. having more than a
single neighbor). Finally, in three-level systems of plants in clusters, herbivores search-
ing for plants, and predators ambushing herbivores inside plant patches, predators with
ambush locations in the periphery of plant patches are more successful than those at the
patch center, especially at high predator densities. Our simulation indicates that shadow
competition is plausibly relevant in various scenarios of ambush predators and prey, and
that it varies based on the habitat structure and capture probability of prey by predators
as well as the change in capture probability with successive encounters.

Keywords: foraging, movement ecology, ricochet effect, shadow effect, sit-and-wait
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Introduction

The majority of research on competition focuses on either exploitation or interfer-

ence competition (Anholt 1990, Mitchell et al. 1990, Cerdd et al. 2013). Shadow
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competition, occurring when ‘an individual experiences
reduced resource capture because resource relative-movement
trajectories lead to prior interception by competitors’, is prob-
ably much more common in nature than its rare consideration
in the scientific literature implies (Scharf and Ruxton 2023a).
In past literature, it has been considered as a special type of
both exploitation and interference competition (Linton et al.
1991, Lubin et al. 2001, Elliott 2002, Louhi et al. 2014).
Shadow competition should be a typical cost of living in
groups (reviewed by Krause and Ruxton 2002). In the few
cases where shadow competition has been investigated, the
study system comprised sit-and-wait predators and mobile
prey (Rayor and Uetz 1990, Linton et al. 1991, Lubin et al.
2001). Shadow competition leads to predators in the clus-
ter’s center receiving fewer prey than those in the cluster’s
periphery (Rayor and Uetz 1990, Gotelli 1997, Elliott 2002).
Consequently, predators in central positions should relocate
to reach more profitable ambush positions (Linton et al.
1991, Elliott 2002, Scharf 2020). In some cases, affected
interior individuals show aggression toward those in periph-
eral positions (Hart 1986). Interference and exploitation also
strengthen with the increase in spatial proximity among com-
petitors (M’Gonigle et al. 2012, Fibich et al. 2014). Shadow
competition is, however, fundamentally different from inter-
ference and exploitation because it is asymmetrically based on
positions: predators closer to the arrival source of prey receive
more prey flux and affect those located downstream much
more strongly than vice versa (Scharf and Ruxton 2023a).
This effect is probably the greatest when predators are adja-
cent and attenuates quickly.

Perhaps because shadow competition is a spatial phenom-
enon, it has been often examined using spatially-explicit
individual-based models (Linton et al. 1991, Lubin et al.
2001, Morrell and Romey 2008, Scharf 2020). These mod-
els, together with a few experiments, led to several findings
regarding the factors potentially strengthening or moderating
shadow competition. For example, simulation models sug-
gest that shadow competition should be stronger when prey
move non-directionally (turn more frequently) than direc-
tionally. This occurs because such a movement pattern keeps
the prey longer in the cluster’s periphery, enabling preda-
tors there to capture them (Hein et al. 2004, Scharf 2020).
Second, an experiment suggests that non-certain capture of
prey (i.e. when an encounter between prey and predator does
not lead to certain prey capture) should moderate shadow
competition because it allows the prey to move into the clus-
ter’s center (Rao 2009). The latter phenomenon of uncertain
capture is often termed ‘the ricochet effect’ (Rypstra 1989,
Uetz 1989).

In a recent paper, Scharf and Ruxton (2023a) suggested
several directions for further examination of shadow compe-
tition. The first is related to the ricochet effect. One could
think of three ricochet effects: 1) an equal probability to be
captured with successive encounters, or the prey has the same
probability to be captured in each encounter, regardless of
its history of previous encounters; 2) an increasing probabil-
ity to be captured with successive encounters owing to, for
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instance, fatigue, injury, or prey becoming more apparent to
other predators (Baker and Zemel 2000, Pruitt et al. 2009,
Rao 2009); and 3) a decreasing probability to be captured
owing to elevated prey vigilance or other behavioral changes
driven by surviving an initial encounter (Lima et al. 2003,
Beauchamp 2007, 2020). The consequences of these three
ricochet effects for shadow competition may differ: the sec-
ond type should moderate shadow competition the most,
followed by the first type, and the third type should have an
opposite effect.

The second suggested possible research direction con-
cerns a scenario in which prey capture is influenced by the
orientation of the predator relative to the trajectory of the
prey. In such a situation the predators should face a specific
direction from which prey most commonly arrive in order to
capture them (e.g. marine sessile animals; Patterson 1984).
Scharf and Ruxton (2023a) suggest that in peripheral posi-
tions the prey more frequently arrive from the same direction
compared to central positions. Assuming that predators can
change the direction that they face with experience, such a
scenario can intensify shadow competition.

The third and fourth suggested research directions add
complexity by allowing the prey to change its movement
pattern in response to changing conditions. Many animals
tend to move along encountered barriers, such as walls, rocks
or fallen wood (Creed and Miller 1990, Besson and Martin
2005, Dussutour et al. 2005). This wall-following behavior
(also known as thigmotaxis or centrophobism) is interpreted
in different ways, from anxiety in vertebrates to explora-
tion and desire to find an exit from an enclosure in insects
(Santucci et al. 2008, Soibam et al. 2012, Johnson and
Hamilton 2017). In any case, predators ambushing along such
barriers may have higher capture success (Reinert et al. 1984,
Scharf et al. 2021). However, the barrier can be perceived as
shrinking the habitat to a single dimension, and predators
downstream along the barrier should encounter fewer prey
than those upstream, with the effect being even stronger than
shadow competition in two or three dimensions.

Another reason for the prey to change its movement
pattern is to efficiently gather its own resources. A general
example is three-level systems of ambush predators, mobile
herbivores and plants (or top predators, mesopredators and
prey). Two good examples of such systems are those of crab
spiders, bees and flowers, web-building spiders, grasshoppers
and herbs/grass (Morse 1984, Schmitz et al. 1997). When
plants are clustered in patches and if herbivores can move
between patches and feed from more than a single plant, the
best search pattern of herbivores is to use directional move-
ment among patches and more tortuous movement within
them, upon encounter of a plant (‘area-restricted search’;
Benhamou 1992, Dorfman et al. 2022). Then, the best
ambush locations of predators should be in plant patches,
because herbivores spend longer time inside patches than
outside patches (Scharf 2021). However, here too, shadow
competition may come into play, as peripheral positions of
ambush predators in plant patches should be superior to cen-
tral ones.



Material and methods

We use the ODD protocol to describe our individual-based
model (Grimm et al. 2006, 2010).

Purpose

Our goal was to examine whether all the above-mentioned
four scenarios indeed result in shadow competition and more
importantly whether shadow competition is increased or
moderated as predicted. Specifically, we examined how 1) dif-
ferent ricochet effects, 2) limiting the direction from which
predators can attack prey, 3) prey movement along barri-
ers and 4) the usage of area-restricted search, should either
increase or moderate the strength of shadow competition.

Entities, state variables and scales

Entities

Scenarios 1-3 of the simulation comprise two entities:
ambush predators and mobile prey. Scenario 4 refers to the
prey as herbivores, and includes another entity consumed by
herbivores: plants (three trophic levels in total). The level of
interest is the ambush predators.

State variables

The state variables are positions within the grid, the prey
movement directions, the movement directionality levels of
prey (the probability to keep moving in the current direc-
tion), whether prey are alive or dead (i.e. have been already
captured by predators), how many prey items each predator
caught, and in scenario 4 also plant positions and whether
they are alive or dead (i.e. have been consumed by herbi-
vores). Dead prey/herbivores/plants remain dead until the
simulation ends.

Scales

The grid/arena is 100 X 100 space units. The grid is homog-
enous except for the distance of each cell to the nearest edge.
The simulation runs until all prey (or herbivores in scenario
4) are captured by predators. The grid should be equivalent
to a cluster of ambush predators located in a microhabitat.
The number of time steps required to cross the arena from
one side to another is equivalent to the time required to cross
the microhabitat.

Process overview and scheduling

Uncaptured prey moved one cell each time step to one of the
four adjacent cells (left, right, up or down). Using four instead
of eight movement directions in grid-based models is prob-
ably better because the distance moved each step is identical
(1 space unit in contrast to~/2 when moving along a diago-
nal) and because it avoids the complexity of dealing with two
types of adjacent cells (orthogonal and diagonal; Birch 2017).
Furthermore, a turn of 45° is different from 90° influenc-
ing not only the distance but also the movement directional-
ity level. The prey had a constant probability (0.8) to keep

moving in the same direction as previously, and the rest of the
probability was evenly split between turning to their left or
right (relative to their previous direction). A move was then
implemented. If it meant that the prey left the arena, another
prey appeared in a random place at one of the arena’s edges
with its movement direction allocated stochastically as at the
beginning of the simulation (‘absorbing boundaries’). This is
because we wished prey to disappear only owing to predation
events. This way of dealing with the arena boundaries is more
realistic than using a ‘torus model’ (the prey reappears from
the other side creating a ‘doughnut-shaped arena’), which
creates a three-dimensional landscape, although ‘absorbing
boundaries’ interferes to some extent with the prey move-
ment directionality. Predators never moved in the simulation.
A predator potentially catches a prey when their positions
overlap (i.e. when they both coincide in the same grid loca-
tion due to the prey individual moving into the cell where the
sit-and-wait predator is located). See the Supporting infor-
mation for flowcharts describing each of the four scenarios.

Design concepts

Basic principles

The designed model is spatially explicit, individual-based
and grid-based. The simulation and all analyses were done in
MATLAB (R2022b).

Fitness of ambush predators

Fitness was calculated differently in scenarios 1-2 and 3—4. In
the first two scenarios, we ran the simulation with the same
predators (or predator positions) five times. We calculated the
distance of each predator to the nearest edge position. We
evaluated the level of shadow competition by regressing the
number of prey individuals captured by each predator during
a single run of the simulation (five replications per predator,
as the simulation was run five times) against its distance to
the nearest arena edge. This procedure resulted in 150 data
points (30 predators X 5 runs) and a regression slope. The
steeper the obtained negative regression slope, the stronger
the shadow competition. This is because a negative slope
indicated that predators in the arena’s periphery captured
more prey than those in the arena’s center, and this spatially-
dependent variance increased as the slope became steeper.
This procedure was repeated 100 times to acquire a sample
size for among-treatment comparisons. In scenario 3 and 4
below, we treated predator positions as categorical (e.g. along
a barrier or in a random location) and referred to the number
of prey individuals captured as the response variable. Here,
cach predator location configuration was repeated only once,
and each treatment was run 100 times.

Comparison among treatments

To compare among treatments, we calculated the 95% confi-
dence intervals (CI) using bootstrapping for each 100 replica-
tions. We considered scenarios to produce different outcomes
when their Cls did not overlap (similar to Scharf 2020,
2021). Using conventional inferential statistics to analyze

Page 3 of 11



the output of simulation models is not recommended due
to the possibility of greatly enlarging the sample size making
even negligible differences significant (Grimm and Railsback
2005, White et al. 2014).

Initialization

In scenario 1 and 2, predators (30) were initially located in
random positions in the arena, subject to the restriction that
each occupied a different position (Fig. 1a). Prey (300) were
evenly allocated to each of the arena’s four edges and placed
there in random positions (one of 396 edge locations). Prey
were independently stochastically assigned an initial move-
ment direction (left, right, up or down), each with equal
probability, but were not assigned the direction that would
bring them on the next step out of the arena. In scenario
3, either 3, 5 or 7 predators, were located along one edge,
defined as a ‘barrier’, and the rest (completing to 30 preda-
tors) were initially located in random positions (Fig. 1b). Prey
(300) were allocated in this case to three of the four edges
(no prey along the barrier). In scenario 4, plants (180) were
located in three patches, each of 60 individuals (Fig. 1c). We
chose random points as patch centers and then allocated an
equal number of plants to each patch (at a random direc-
tion and a random distance of 0-10 units from the patch
center). Herbivores (60) were placed on the arena’s four edges
in equal numbers. Half of the predators were placed in a ran-
dom direction close to the first, second, or third patch centers
(up to two units from the patch center) and the rest were
placed in random directions farther away from the center of
the three patches, but still within the patch boundaries (up to
eight units from the patch center). The number of predators
in scenario 4 was either 6, 12, 18 or 24.

Input

The model does not use input data to represent time-varying
processes.

Scenario 1. The link between the ricochet effect and
shadow competition

We first re-examined previous models demonstrating a
decrease in shadow competition with increasing ricochet
effect or when prey capture probability drops (Lubin et al.
2001, Scharf 2020). We compared certain capture (100%) to
lower but constant capture probabilities (75, 50 and 25%).
Next, we applied four treatments, all of which are variet-
ies of the ricochet effect: 1) moderately increasing capture
probability with successive encounters (50, 75 and 100%
capture probability in the first, second and further encoun-
ters). 2) Strongly increasing capture probability with succes-
sive encounters (50 and 100% capture probability in the first
and further encounters). 3) Moderately decreasing capture
probability with successive encounters (75, 50 and 25% cap-
ture probability in the first, second and further encounters).
4) Strongly decreasing capture probability with successive
encounters (75 and 25% capture probability in the first and
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Figure 1. The opening situation of the simulation in (a) scenario 1
and 2, (b) scenario 3, and (c) scenario 4. Blue squares, pink circles,
and green asterisks stand for the ambush predators, moving prey,
and plants. In (b), the thick vertical line is the barrier, squares filled
with blue are predators at barrier peripheral positions and squares
filled with green are predators at barrier central positions. In (c),
blue-filled squares and empty blue squares stand for predators in the
plant patch periphery and center, respectively.



further encounters). Each time a prey item left the arena, the
capture probability of its replacement assumed the replace-
ment had never previously encountered a predator. Figure 2a
presents a scheme for this scenario.

It is important to consider which null prediction to com-
pare each scenario. The higher the frequency of missed cap-
tures, the weaker the shadow competition is. Thus, we had
to evaluate the number of missed captures for each scenario
for all runs and find the constant capture success that gave an
equivalent number. The former was calculated based on the
simulation itself. The latter was calculated based on a geo-
metric series, giving a sum that is as similar as possible to the
value obtained based on the simulation. The sum is S=4,/
(I-g), where a, is the expected number of missed captures
upon the first encounter and ¢ is the probability of missed
captures. Specifically, treatment 1 above resulted in an aver-
age number of 86.36 missed captures per simulation run.
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Figure 2. Schemes of all scenarios. (a) Scenario 1. The dotted squares
represent the arena (100 X 100 cells), and the grey arrow stands for
the prey and its movement direction. The two black squares stand
for predators (i=upstream, ii=downstream). We applied four sce-
narios with either fixed probabilities of prey capture by predators,
increasing probabilities with successive encounters, or decreasing
ones. (b) Scenario 2. The thick arrows stand for predators and the
direction they face (they can capture prey arriving only from this
direction). The predator capturing the prey is marked with an aster-
isk. (c) Scenario 3. The prey (grey) starts moving along a barrier
(thick black vertical line) after reaching it. We differentiate between
predators on the barrier (i=barrier-peripheral positions, ii=bar-
rier-central positions) and predators at random positions (iii). (d) In
a three-level system, plants are aggregated in patches (dotted circle),
where predators (black squares) should ambush herbivore prey (grey
arrow). When herbivores encounter a plant (small circle), they
switch to more tortuous movement, which makes positions in the
patch periphery (i) more profitable for predators than those in its
center (ii).

According to the above-mentioned formula, a fixed capture
probability of 54.08% resulted in a similar number (254.7
missed captures). Thus, we compared treatment 1 to such
a fixed capture probability. Similarly, treatment 2 was com-
pared to a fixed capture probability of 57.2% (224.8 missed
captures), treatment 3 to 71.31% (120.7 missed captures),
and treatment 4 to 68.1% (140.4 missed captures).

Scenario 2. The predator and prey face one another

Each predator was independently and stochastically allocated
a direction of orientation, from four possible options, each
with equal probability. If a predator is allocated the upward
direction, then it is considered to face prey that enters its grid
position downward (i.e. the prey is captured if its movement
direction is opposite to the predator’s facing direction). We
applied two treatments (Fig. 2b): 1) the predator captures prey
only if the predator and prey face one another; and 2) the pred-
ator captures prey if they face one another or if the predator
faces the two adjacent directions (i.e. there is no capture only
if the predator facing direction and the prey movement direc-
tion are identical). Based on previous results, decreasing cap-
ture probability moderates shadow competition. To account
for that, treatment 1 was compared to an ‘all directions’ cap-
ture probability of 25% and treatment 2 to an ‘all directions’
capture probability of 75%, which are similar to the capture
probability in treatments one and two, respectively.

Scenario 3. Prey moving along a barrier

Here, one of the four peripheral edges of the grid was desig-
nated as a barrier. Predators were cither located immediately
beside the barrier or at random positions in the arena. When
more than two predators were located alongside the barrier,
two predators were identified as barrier-peripheral while the
rest were barrier-central (Fig. 2¢). The prey began the simula-
tion in one of the remaining three possible arena edges (initial
location of prey along the barrier was not allowed). When
the prey reached the barrier, it turned either right or left and
moved along the barrier until it was either captured by a
predator or left the arena. All other simulation characteristics
were as in the ‘basic simulation design’. The treatments were
either 3, 5 or 7 predators along the wall and the rest (27, 25
or 23, respectively) in random locations.

Scenario 4. A three-level system of predators,
herbivores and plants

We simulated a three-level system of predators, herbivores and
plants (or top predators, mesopredators and prey; Fig. 2d).
The plants were located in three patches, each of 60 individu-
als. We chose random points as patch centers and then allo-
cated an equal number of plants to each patch (at a random
direction and a random distance of 0—10 units from the patch
center). Sixty herbivores were placed on the arena’s four edges
in equal numbers. Half of the predators were placed in a ran-
dom direction close to the first, second, or third patch centers
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(up to two units from the patch center) and the rest were
placed in random directions farther away from the center of
the three patches, buc still within the patch boundaries (up to
eight units from the patch center). Only the herbivores moved
whereas both plants and predators were sedentary. Prey had a
constant 0.9 probability to keep moving in the same direction,
until encountering a plant. Then, on encountering a plant this
probability dropped to 0.5 for the next ten times steps (and
the remaining probability evenly split between right and left
turns) to induce more tortuous movement, before resuming
more directional movement. This ‘ten-steps’ counter was reset
every time a plant was encountered. The treatments com-
prised an increasing number of predators: 6, 12, 18 and 24.
Note that in the first two scenarios encountering a predator
does not necessarily mean capture, in contrast to the two last
scenarios. All scenarios are summarized in Table 1.

Sensitivity analysis

The Supporting information comprises a comprehensive sen-
sitivity analysis of all four scenarios. The goal of the sensitivity
analysis is to moderately change parameters that are not thor-
oughly studied in the main model analysis and examine how
they affect the model outcome (Grimm and Railsback 2005).
To this end, we varied the number of prey and predators, the
movement directionality level, and the number of plants (only
in scenario 4). Most changes led only to quantitative changes
but not qualitative ones, with a few exceptions. For example,
the conclusions of scenario 1 did not hold if the prey move-
ment was too directional. The conclusions of scenario 2 held
partially when changing the number of prey or predators. See
the Supporting information for a full sensitivity analysis.

Results

The link between the ricochet effect and shadow
competition

First, lower capture probability when predators encounter
prey moderated the regression slope of the number of prey

individuals captured per predator regressed over the predator
distance to the nearest arena edge, which is a proxy of shadow
competition (Fig. 3a). When the capture probability of prey
increases from the first predation attempt to later ones,
shadow competition is lower than a comparable constant-
capture probability (Fig. 3b; a difference of more than 20%).
In contrast, when the capture probability of prey decreases
from the first predation attempt to later ones, shadow com-
petition is stronger than a comparable constant level of cap-
ture probability (Fig. 3¢; a difference of around 14%). Thus,
the ricochet effect is not a single phenomenon, and the way
previous encounters change prey vulnerability has a strong
influence on the strength of shadow competition.

The predator and prey face one another

When predators captured only prey arriving from a single
direction, shadow competition was stronger than a compa-
rable scenario of omnidirectional 25% capture probability
(Fig. 4; a difference of over 20%). A scenario of capturing
prey only from three directions did not differ from a compa-
rable scenario of 75% capture probability (Fig. 4).

Prey moving along a barrier

Predators on the barrier periphery always captured the high-
est number of prey (Fig. 5; around double of other predators
summed). That said, the success of the barrier-central preda-
tors differed depending on the total number of predators on
the barrier: when only three predators are located along the
barrier, the barrier-central predator captures more prey than
predators in random positions within the arena (around 32%
difference). When more predators are located along the barrier,
barrier-central predators capture fewer prey than predators in
random positions (around 16 or 28% difference in the other
direction when five or seven predators are along the barrier).

A three-level system of predators, herbivores and
plants

The predicted strength of shadow competition differed based
on the number of predators simulated. With an increasing

Table 1. A brief summary of the simulation design according to scenarios

Scenario 1 Scenario 2 Scenario 3 Scenario 4
Predators 30 30 30(3,5,79 6, 12,18, 24>
Prey/herbivores 300 300 300 60
Plants - - - 180
Directionality® 0.8 0.8 0.8¢ 0.9, 0.5¢°
Predator start positions random random random or barrier plant patch center/periphery
Prey start positions four edges four edges three edges (but not the barrier)  four edges
Capture prob. varying (0.25-1) varying’ 1 1
Resp. variable slope ¢ slope prey captured prey captured

23, 5 or 7 predators were located along a barrier. "Half of the predators were located in the center of plant patches while the rest were at
their periphery. “Directionality refers to the probability of keeping the current movement direction. “After reaching the barrier, the prey keeps
moving along it. “The two numbers refer to movement before and after an encounter with a plant. ‘Capture is certain but only if the predator
faces the prey’s direction of arrival. 8The slope, which represents the strength of shadow competition, is the number of prey captured
regressed over the predator distance from the nearest arena’s edge. Other factors, such as the arena size (100 x 100 cells) and simulation

duration (until all prey is captured), are identical across scenarios.
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Figure 3. The strength of shadow competition (= slope) as a func-
tion of the ricochet effect and uncertain capture of prey. (a) The
intensity of shadow competition decreases with the intensity of the
ricochet effect or when the probability of prey capture declines. (b)
Increasing capture probability with successive encounters (left,
blue) either moderately (50, 75 and 100% capture probability on
the first, second, and later capture attempts) or strongly (50 and
100% capture probability on the first and later capture attempts),
compared to a null model of fixed capture probability (right, grey).
Means + 95% CI are presented. (c) Decreasing capture probability
with successive encounters (left, brown) either moderately (75, 50
and 25% capture probability on the first, second, and later capture
attempts) or strongly (75 and 25% capture probability on the first
and later capture attempts), compared to a null model (right, grey).

predator number, the difference between predators in the
plant patch periphery and those in the patch center increased:
predators on the periphery captured more prey when the
number of predators was sufficiently high (a difference of

Treatment

One Three
25% direction 75% directions
0
-0.02
-0.04 -
-0.06 -
o 0.08 -
g -01 -
9 012 -
-0.14 -
-0.16 -
-0.18

-0.2 -

Figure 4. Shadow competition (= slope) gets stronger when predators
can capture prey only if they face the prey movement direction, com-
pared to a null model of a fixed 25% probability to capture prey. In
contrast, enabling the predators to capture prey from all directions but
the posterior one (three directions) does not differ from the null model
of a fixed 75% capture probability. Means + 95% CI are presented.

around 9 or 17% when the total number of predators was 18
or 24, respectively; Fig. 6).

Discussion

We explore here four scenarios that affect the importance
of shadow competition for the capture success of ambush
predators hunting mobile prey. First, we demonstrate that
the ‘ricochet effect’ (prey bouncing from the first ambush
predator to the next) is not a single phenomenon and its

30 -+
W Barrier periphery @ Barrier center O Random

25 o

hkl

Predators along the barrier

Prey items captured

Figure 5. The relative success of predators along the barrier, when
they have a single neighbor predator (barrier periphery; dark grey)
or two (barrier center; medium grey) and at random locations in the
arena (light grey) with increasing numbers of predators along the
barrier (3, 5, or 7 of 30 in total). Means + 95% CI are presented.
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Figure 6. The success of predators ambushing herbivore prey in the center versus periphery of plant patches. (a) Six, (b) twelve, (c) eighteen
or (d) twenty-four predators in total, evenly allocated to positions in the plant patch center or periphery. Means + 95% CI are presented.

interaction with shadow competition depends on the detail
of whether capture probabilities increase or decrease with
successive capture attempts, both of which are likely system-
specific. Second, when predators can hunt only when they
face the prey’s arrival direction (or more generally if preda-
tors can only capture prey approaching from a narrow range
of directions), shadow competition intensifies and there is
an advantage for predators located at the cluster periphery.
Third, when predators are located along a barrier, and prey
move along the barrier after encountering it, predators at
the barrier periphery are much more successful than those
located near its center. This effect is due to shadow competi-
tion. The central barrier individuals’ success is even lower
than predators located at random positions away from the
barrier when the number of predators along the barrier is
sufficiently high. Fourth, in a three-level system of preda-
tors, herbivores and plants, when plants are clustered and
herbivores use area-restricted search to locate plants (a
switch to more tortuous movement upon first encounter),
predators should be located inside plant patches to maxi-
mize their capture rates. However, predators should not be
located too deep inside the plant patch, as predators in the
cluster periphery are more successful in hunting herbivores,
owing to shadow competition, especially when the number
of predators is sufficiently high.
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The link between the ricochet effect and shadow
competition

Our simulation results demonstrate that the ‘ricochet effect’
is an umbrella term for several processes, which may differ-
entially affect shadow competition. First, uncertainty in the
capture success of prey moderates shadow competition, as
suggested in models and experimentally demonstrated (Rao
2009, Scharf 2020). The less certain the capture is, the lower
the shadow competition is. However, the ‘ricochet effect
sometimes does not mean an equally uncertain capture in
all encounters, but either an increasing capture probability
with repeated encounters, or a decreasing one. An increas-
ing capture probability with successive encounters moderates
shadow competition even further compared to a scenario of
fixed capture probability. This process takes place as failed
captures increase future capture probabilities by predators,
which are farther away from the cluster periphery. Such an
increase in capture probability is possible owing to fatigue of
the prey, its injury, if it is slowed down, or if failed capture
attempts attract the attention of other predators nearby or
increase their vigilance. It is no surprise that fatigue or injury
increases predation risk (Ota 2018, Diniz 2020), or that pre-
dation success of ambush predators decreases with increasing
movement speed of the prey (Van Damme and Van Dooren



1999, Clemente and Wilson 2016). In addition, injury
impairs the prey’s movement or maneuverability, which
leads to higher predation success (Downes and Shine 2001,
Krause et al. 2017). A decreasing capture probability, which
intensifies shadow competition, is possible due to elevated
prey vigilance or simply seeking refuge after the first failed
attempt. This process takes place as a failed capture decreases
future capture probabilities by predators farther away from
the cluster periphery. Thus, to correctly evaluate the strength
of shadow competition, one should first identify the type of
the ‘ricochet effect’ taking place in the studied system.

The predator and prey face one another

A scenario in which the predator captures the prey only when
they face one another occurs in several contexts. Most ani-
mals have a limited area of binocular vision, which enables
better distance estimation, and vision is rarely symmetrical
in all directions (Jackson and Pollard 1996, Cronin 2005).
Thus, visual predators are probably better able to capture prey
arriving from certain directions better than others. The simu-
lation results suggest that when the preferred attack direction
(or field of vision) is narrow, predators at the cluster periph-
ery should have a stronger advantage over those in the cen-
ter, thus elevating shadow competition. Orientation-related
capture probability could be driven by other mechanisms
than binocular vision. It may relate to the non-isotropic abil-
ity of the predator to pounce on or restrain prey before the
prey can deploy anti-predator defenses (Bhattacharyya et al.
2021). The model assumes that predators should change their
orientation to the arrival direction of the last prey. Assuming
a change of orientation following an unsuccessful encoun-
ter is reasonable too. Trap-building predators, for example,
respond to unsuccessful encounters by increasing their trap
dimensions (Lomdscolo and Farji-Brener 2001, Nakata
2007, Scharf et al. 2010). As prey arrive from more random
directions in the cluster center than in its periphery, where
prey arrive most frequently from the nearest edge, facing a
single direction only is less determinantal for predators in the
cluster periphery than in the center.

Prey moving along a barrier

Animal movements along a barrier, such as logs, rocks, or walls,
are common in both vertebrates and invertebrates for diverse
reasons (Introduction). However, only a few studies exam-
ined either empirically or theoretically how such a movement
pattern should affect predation probabilities (Reinert et al.
1984, Scharf et al. 2021). Sit-and-wait predators benefit from
ambushing prey along barriers, but only when the predators
along the barriers are not too dense. The key prediction gener-
ated here is the strong difference between peripheral positions
along barriers and more central ones. Central barrier posi-
tions, especially under high predator density, might be even
inferior to positions away from the barrier. Thus, the quality
of ambush positions along a barrier can deteriorate fast, from
being an above-average position to a below-average position,
due to increasing predator density on the barrier. This scenario
suggests pressure for the ambush predators to monitor their

gain and relocate if the gain falls below the average gain of
their habitat (Olive 1982, Scharf and Ovadia 2006), which
is similar to what is expected of widely foraging predators
(Charnov 1976). It is unclear how well ambush predators can
follow such changes and especially separate between a global
decline in prey (e.g. season poor in prey) versus a local decline
triggered by the positions of other predators (predators set-
tling upstream, closer to the source of prey arrival; Scharf et al.
2009). The key might be a gradual versus abrupt decrease in
prey arrival, which is perhaps interpreted as temporal versus
spatial shortage, leading to relocation in the latter case and no
response in the former, as demonstrated in spiders and ant-
lions (Vollrath 1985, Jenkins 1994).

A three-level system of predators, herbivores and
plants

Many herbivores use directional movement among plant
patches and tortuous movement within them, termed area-
restricted search (reviewed by Dorfman et al. 2022). In three-
level systems, the predators interest is to spatially follow their
herbivore prey (Sih 2005), and they should therefore ambush
prey within such patches. Here too, we demonstrated a
potential for shadow competition, as herbivores are captured
more by their predators ambushing them at the periphery of
the plant patches rather than in the patch centers. This pat-
tern intensifies with predator density and should eventually
lead to predators either relocating to the patch periphery and
then perhaps even out of patches. This may lead to changes
in the herbivores’ movement patterns or their tendency to use
area-restricted search and have implications for the foraging
success of the herbivores, as well as selection for or against
aggregation of plants (Scharf 2021).

Summary of the model predictions

In order to facilitate putting the predictions of our model
to a test empirically, we briefly summarize here the main
predictions according to scenarios. Scenario 1 suggests that
when prey capture by predators is not certain, the strength of
shadow competition should depend on whether prey become
more alert after the first encounter, and then harder to capture
(strengthening shadow competition), or slower/fatigued after
first capture, making it more easily captured next (weakening
shadow competition). Scenario 2 suggests that shadow com-
petition should intensify when predators must face the prey
in order to capture it, and the more limited the field of view
of predators, the stronger shadow competition is expected to
become. Scenario 3 presents the superiority of predator posi-
tions along a barrier, if prey follow the barrier after reaching
it, compared to predators not along a barrier. However, the
superiority of barrier-adjacent locations diminishes if they
are centrally located along the barrier and possess neighbors
from both sides. At higher predator densities, predators away
from barriers are expected to be more successful than those in
the central barrier positions. Finally, the use of area-restricted
search by prey should result in shadow competition, which
intensifies with predator density.
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Final words

Our goal was to highlight four general case studies, in which
shadow competition may exist and depend on local condi-
tions, and which are worthwhile for empirical research. Our
intention was not to point to specific parameter ranges, but
to qualitatively describe such scenarios. As with most models,
our model has many simplifying assumptions. For example,
the simulated habitat is homogenous except for the modeled
parameters (e.g. a barrier), constant behavior (e.g. prey move-
ment) during each simulation run, no satiation of predators,
and no variation within the predator or prey population,
except for their spatial positions. Some computation deci-
sions may also be contested, such as our use of absorbing
boundaries, basing predator success only on the prey number
they catch, or using four instead of eight movement direc-
tions (discussed by Birch 2006, Birch et al. 2007). Adjusting
the model to specific systems in nature requires examining
whether the model’s simplifying assumptions hold and adjust-
ing the model otherwise. It is common to assume that ecologi-
cal models trade off generality, precision and realism (Levins
1966), and our model sacrifices both precision and realism for
generality. It is also important to note that individual-based
simulation models, like the one presented here, are mere tools
to raise more sophisticated predictions or provide mechanisms
for already observed phenomena (Schmitz 2000, DeAngelis
and Grimm 2014). Testing the model’s main outcomes or pre-
dictions should be the next step to examine how useful it is
in pointing to cases in which shadow competition takes place
in nature. Another fruitful direction should be to allow both
predators and prey to change their strategies in response to
one another and make their decisions fitness based.
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